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Abstract – In this study, an innovative portable macro 
X-Ray Fluorescence (MA-XRF) scanner prototype has 
been employed in order to gain information on 
composition and distribution of corrosion products 
artificially grown on Cu-based coupons. First results 
have shown the importance of using artificially 
corroded reference samples before any assessment on 
archaeological artefacts. Moreover, the prototype used 
demonstrated to be a powerful tool for understanding 
complex corrosion processes which might occur on Cu-
based alloys. The scanner was able to detect light 
elements as S and Cl, essential for studying the 
distribution of specific corrosion compounds. Using 
imaging techniques, it was possible to observe a 
gradient in Cu elemental maps intensity caused by the 
overlapping of a thicker corrosion product layer. 
 
 I. INTRODUCTION 
When dealing with archaeological metallic artefacts, it 
is common to face heavily corroded samples, sometimes 
with indistinguishable shapes with respect to what they 
should have originally been. This can be due to very 
complex corrosion mechanism that might occur on Cu-
based ancient artefacts buried in soil: the corrosion 
mechanisms can lead to the formation of multilayer 
stratified structures [1][2]. In this scenario, it is interesting 
to understand structure [1], morphology and composition 
of the corroded layers overlaying the artefact in order to 
establish proper restoration and conservation protocols [3] 
and to monitor the environment to prevent any further 
corrosion [4]. 
The corrosion products layers on Cu-based alloys are 
generally composed of a thin layer of cuprite (Cu2O) grew 
directly in contact with the metal and that protects the 
metal itself. On this protective layer (noble patina), several 
dangerous/unwanted corrosion products can grow due to 
the interactions of the artefacts with the nearby elements 
present in the soil. Aggressive environments often contain 
Cl- ions that can cause the so-called bronze disease, a 
reactive and cyclical corrosion mechanism [1][5][6][7]. 
Moreover, the corrosion layers are part of the artefact’s 
history, serving as a witness of the authenticity and even 
of the characteristics of the environment where the object 
was buried [3][8]. For these reasons, it is convenient to 
study the corroded layers prior their removal. 
Since non-destructive approaches are always preferred 
when it comes to archaeological samples, X-ray 
Fluorescence (XRF) is a common choice when dealing 
with such objects [9][10][11][12]. It is non-destructive and 
also easy to use and portable. Although XRF can shed light 
on the alloy’s composition and, more recently, on the 
corrosion products compositions when combined with 
Monte Carlo simulations [13], it still yields punctual 
results, i.e. one can only know the characteristics of few 
millimetre-wide spots out of the total surface area of the 
object. In addition to this, in the past few years, macro X-
Ray Fluorescence (MA-XRF) has been extensively used to 
study paintings, frescoes and stained glasses 
[14][15][16][17][18]. MA-XRF has the obvious advantage 
over traditional XRF of yielding an immediate and visual 
interpretation of the spatial distribution of chemical 
elements. This advantage can be fully explored in the study 
of inhomogeneous samples, as it is the case of some 
corroded bronzes and other metallic archaeological 
artefacts. Nonetheless, commercially available MA-XRF 
instruments are cumbersome, expensive (being more of a 
mobile instrument than a portable one) and generally 
comes with a “closed” software, i.e. the user hardly knows 
the underlying methods used to generate the elemental 
maps. 
In this study, a portable MA-XRF scanner prototype 
built by the Istituto Nazionale di Fisica Nucleare (INFN) 
– Roma TRE division and Ars Mensurae has been used in 
order to study the corrosion mechanism on some 
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artificially-corroded Cu-based coupons simulating 
complex archaeological corroded layers. Reference 
samples have been chosen in order to perform the 
screening analyses of the prototype on more reproducible 
and controlled samples. The instrument uses a custom-
made data analysis software tuned for the analysis of low-
signal and noisy data. 
Testing this equipment on controlled samples is of 
fundamental importance for knowing where to improve 
and its limitations in respect to traditional instruments and 
prior its use on real archaeological samples. 
 
 II. MATERIALS AND SYSTEM 
 A. Materials 
The study has been performed on Cu 99.96 wt%, 
reference coupons (45 × 15 × 5 mm3). The specimens were 
polished with 500 to 4000 grid SiC paper, rinsed in ethanol 
in ultrasonic bath for 5 min, and well dried. Then, two kind 
of artificial corrosion layers have been produced by 
chemical synthesis (Fig. 1): a set of samples (sulphate 
sample) was created by immersion in a 0.1 M Na2SO4 
solution for three months at room temperature in order to 
obtain a sulphate corrosion layer. The other set of samples 
(CW sample) was created by immersion in a Corrosive 
Water solution (CW, 2.8∙10-2 M NaCl, 0.01 M Na2SO4, 
16.1∙10-2 M NaHCO3), that is an ASTM D1384 solution 
modified by Constantinides [2], for 7 months at room 
temperature in order to obtain a complex corroded layer. 
Both solutions were neither stirred nor aerated by bubbling. 
 B. MA-XRF Scanning System 
The MA-XRF prototype employed is composed of a x-y 
motorized stage with a sample holder and a detachable 
scanning head. The head comprises a low-power Ta-target 
Moxtek® X-ray tube collimated to roughly 2 mm and a 
lightweight 123SDD detector from AMPTEK® with a 
125 eV resolution at Mn Kα emission line. The scanning 
head remains fixed while the sample is translated by the 
stage. The maximum step resolution is of 100 μm and the 
format adopted is vertical, i.e. the sample is moved in a 
vertical plane. The system is controlled by a custom-made 
interface programmed in LabView™ with a near-live 
display of the counts (intensity) map. 
An earlier version of the prototype system had been 
previously used to study archaeological painted and gilded 
leathers [19]. 
 C. Characterisation techniques 
High resolution digital photographs were taken by a 
digital camera (4000 × 3000 pixel2, Panasonic Lumix G2) 
equipped by a stand with a 3000 K lamp. 
Roughness evaluations were performed on profilers 
acquired by means of a Sensofar PLμ 2300 confocal 
microscope (CM) using a 20x objective. The images were 
processed in the free Octave software and surface standard 
deviation were computed on about 100,000 points, which 
compose the confocal pictures. 
Elemental distribution maps of the samples surface were 
generated by the custom data analysis software. The 
system was optimized to work with low-signal and noisy 
data and embedded with a series of filters: average/low-
pass, average/threshold and 3 × 3 iterative smoothening 
filter. The data was collected by the MA-XRF scanning 
system described above with a step resolution of 1 mm, 
dwell-time of 5 seconds and a total mapped area of 
43 × 13 mm2, covering the whole area of the copper 
reference samples. The tube voltage was set at 15 KV and 
the current at 17 μA. Each analysis took about 54 minutes. 
 III. DISCUSSION 
Fig. 2 shows, as an example, the confocal microscope 
images acquired on some of the copper reference samples. 
The CW sample presents a quite smooth surface structure 
with a standard deviation of about 2.7 μm; the sulphate 
sample instead presents a more heterogeneous morphology 
with surface roughness values of about 6.1 μm. 
The roughness can be one of the major geometrical 
variables that affect the scanner performance, therefore a 
comparison of roughness and the sum map can show the 
presence of a geometrical factor that can create a sort of 
distortion on the scanner response. If the statistics are 
enough, one can hypothesize using an elemental map 
image as a mask to account for any roughness contribution 
to the final images. 
 
Fig. 2. Confocal microscope images of the CW (left) 
and sulphate (right) corroded layers. 
Fig. 1. Artificially corroded layers: CW (left) and 
sulphate (right) samples. High resolution images. 
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In fact, when applying an average-threshold filter to the 
copper maps one can observe a certain gradient in the 
intensity values. The reasons can be three-fold: the 
formation of a variable-in thickness corrosion layer which 
attenuates (proportionally to its thickness) the signal from 
the copper atoms underneath or a selective/preferential 
corrosion of copper atoms or lastly a distortion caused 
merely by the surface’s roughness. Carefully inspecting 
the elemental maps of copper and sulphur from the 
sulphate sample and the sample’s aspect (Fig. 3), it is 
reasonable that what caused a gradient in the copper 
intensity values in this sample is the presence of a thicker 
corrosion product area (lighter area, Fig. 3A) in the upper 
part of the sample surface. 
The corrosion product layer thickness can vary greatly, 
and it depends on the nature of the products present and 
the alloy. As an approximation, its thickness can vary from 
40 to 138 μm in the case of tin bronzes and from 14 to 
146 μm in the case of quaternary bronzes [20]. Therefore, 
it is unlikely that, in this case, roughness would cause any 
significant distortion in the elemental distribution maps. 
Concerning the corrosion components distribution 
across the sample surface, the chemical elements identified 
are either sulphur or chlorine (since carbon and oxygen 
cannot be detected by the instrument): being light (low Z) 
atoms, their counts statistics is considerably low (Fig. 4). 
 
 
 
Nonetheless, sulphur was detected across the sulphate 
sample’s surface (as expected) and formed a seemingly 
gradient that spreads from the upper-middle portion 
towards the lower region (Fig. 3E). Chlorine could not be 
detected due to its significantly lower counts and signal 
contamination from the sample holder (made of polyvinyl-
chloride). Whereas for the CW sample, sulphur could not 
be detected, and chlorine could be mapped only when 
applying a low-pass filter to the elemental distribution map 
cutting off a portion of the contamination signal coming 
from the sample holder in the bottom right part (Fig. 5E). 
Fig. 3. Sulphate sample surface (A) and scans: (B) 
sum map, (C) copper map, (D) filtered copper map 
and (E) sulphur map. 
Fig. 5. CW sample surface (A) and scans: (B) sum 
map, (C) copper map, (D) filtered copper map and 
(E) chlorine map. 
Fig. 4. Sum spectra comparison of samples sulphate 
and CW. Arrows point to S-Kα and Cl-Kα lines. 
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Differently from what was observed in the sulphate 
sample, the corrosion products distribution did not follow 
any specific “macro” pattern, nor did the copper 
distribution map shown any gradient (Fig. 5). The reason 
may be the distribution of chlorine and the corrosion 
products formation process. Constantinides et al. [2] 
demonstrated through artificially corroded Cu-alloys that 
chlorine is preferably deposited in an inner layer, in 
between the alloy’s bulk and the outer corrosion layer. 
This preferential deposition is created by a mechanism 
originating from mechanical stress or chemical reaction, 
where cracking occurs in the surface and promotes pitting 
corrosion. This process causes a further dissolution of the 
alloy, producing more Cu+ cations which reacts with Cl- 
anions present in the solution, as a result CuCl and CuCl2 
are formed and built up in an internal layer to the corrosion 
surface. Even though the formation of chlorine compounds 
is propelled in this mechanism, the net weight 
concentration of chlorine is still relatively low (when 
compared to the alloying elements concentration and the 
system detection limit), commonly about 2 wt%. 
Moreover, considering that chlorine is deposited 
underneath a Cu-oxide layer, its detection by the MA-XRF 
system is further hindered by attenuation effects. 
 
 IV. CONCLUSION 
In this preliminary study, the MA-XRF scanner revealed 
to be a powerful tool for understanding composition, 
structure and topography of Cu-based corrosion products. 
The detection of light elements as sulphur and chlorine and 
in low quantities usually requires more sophisticated and 
expensive apparel. Being able to map those elements with 
a low cost portable MA-XRF scanner further highlights the 
power of the instrument.  
The use of artificially-corroded samples to test the 
prototype allows to perform the screening analyses on 
reproducible and, more controllable, corrosion products 
layers. 
Moreover, the use of imaging techniques allowed to 
understand or at least hypothesize about the corrosion 
stratigraphy, through identifying a gradient in the copper 
signal intensity and combining it with the elemental 
distribution of corrosion-related elements. 
Future developments of this research will be focused in 
the application of this innovative prototype on complex 
and stratified corrosion layers, as the ones found in Cu-
based archaeological artefacts buried in soil for centuries. 
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